Fiber Reinforced Polymer (FRP) composites have been used as an effective means of repairing and strengthening concrete and steel structures. Since the bond between the FRP and the substructure is the weakest link in the repaired system, predicting behavior there is pivotal for applications involving civil infrastructure. Numerous models predicting debonding failure have been proposed. However, most of these models are empirical and based on large amounts of experimental data. This study focuses on the development of a fracture mechanics based-model that predicts the debonding behavior of FRP strengthened RC beams. In this study, the existing debonding models based on fracture mechanics are reviewed. The specific calculations of the effective bond length, the shear bond strength, the FRP effective width length, and maximum transferable load are reported. Since no approach exists that can precisely predict the failure mode, an extensive database that contains different beam debonding failure modes is formulated. This database includes concrete prisms bonded with FRP plates tested in single and double shear. The existing and a newly developed fracture mechanics based model are applied to this database. The new fracture mechanics based-model is developed based on expressions for ultimate pullout force and maximum shear stress. The accuracy of this model and how it compares with existing models are examined. Parameters affecting debonding strength are studied and the behavior and reliability of the models are analyzed using statistical parameters, such as average value, standard deviation, and coefficient of variation.
INTRODUCTION
In previous studies, failure modes were categorized into two groups: 1) where the full composite action of the beam is developed; and, 2) where premature debonding occurs [1] . In the second group, the FRP does can not function efficiently, since the energy loss between the concrete and the composite during the debonding process prevents the strengthened beam from reaching its ultimate flexure capacity. Thus, the debonding failure mode continues to be the main focus of most related studies.
In general, most reported debonding failure models can be categorized into three groups: 1) empirical models derived from a large amount of experimental data; 2) theoretical fracture analysis models; and, 3) fracture mechanics based models with empirically derived parameters. In the first group, all models are based on simple tests, such as single or double lapped shear tests designed to obtain certain parameters. Unfortunately, the real failure mechanism is much more complex than experienced during the tests.
In order to apply empirical models, many usage limitations must be set for each specific case. Otherwise, the predicted results deviate significantly from real results.
The theoretical models derived from fracture mechanics usually reflect the interfacial responses quite accurately and critically describe initiation and propagation during failure.
In this study a bond model, based on the fracture mechanics concept, is developed. The model is compared with fourteen other models published in the literature by applying them to 351 beams that were experimentally tested to failure. Finally, the experimental results are compared to those predicted by the models.
LITERATURE REVIEW
A total of fourteen models are reviewed in this study. In these models, the prediction of the maximum transferable load P max , the interfacial fracture energy G f , the effective bond length L e , the shear slip relation τ-s, and the maximum shear stress τ max are included. A comparison between the experimental results and those predicted was made for 351 concrete prisms bonded with FRP plates tested in single or double shear.
The data was collected from eighteen independent studies [1] . The specimens in the database have variations in reinforcing fiber type (AFRP, CFRP, GFRP, and CFS), reinforced composite thickness (0.083-4mm), composite width (10-100mm), the ratio of composite width to concrete width (0.1-1), concrete compressive strength (16.2-70MPa), and composite characteristics including ultimate tensile strength (351-4400MPa) and modulus of elasticity (22.5-425.1GPa).
Although details of the fourteen models studied can be found in the cited references, brief descriptions are provided below.
Brosens and Van Gemert's Model (1999) [2]
Most debonding models don't consider the effect of adhesive on the bond behavior. But Brosens and Van Germert's model [2] takes into consideration the presence and the quality of the adhesive layer between the concrete and the composite material.
The adhesive layer is typically an epoxy mortar or an epoxy adhesive and the quality of this layer directly affects the debonding strength and the effective bond length. According to the model, the maximum transferable load, P max , is:
Where b p is the width of the FRP, G f is the interfacial fracture energy, E p is the elastic modulus of the FRP, and t p is the total thickness of the FRP.
Brosens' Model (2001) [3]
Based on a microscopic study, Brosens also proposed a model that considers the effect of the adhesive layers between FRP composite materials. The maximum shear and fracture energy are given by Equations (2) and (3), respectively, as:
Expressions for P max and L e are similar to those given by Brosens and Van Gemert [2] .
Chen and Teng (2001) [6]
Chen and Teng reported that typical values of slip occurred at peak shear and local failure are 0.02 mm and 0.2 mm, respectively. They specified the maximum transferable load as:
Where β p represents the effect of the ratio of the width of the FRP and that of the concrete member expressed as follows:
' c
Dai et al.'s Model (2005) [4]
Dai's model is based on an expression for FRP sheet-concrete bond forces and fracture energy:
In the above equation, ∆b is the extended bond width. Based on their experimental work, the authors estimated ∆b to be 3.7 mm.
Lu et al.'s Model (2005) [5]
Lu et al model is based on the predictions of a meso-scale finite element model with appropriate adjustments to match experimental results corresponding to a few key parameters. The maximum transferable load is given by:
Where β l is a bond length coefficient given by the following relation:
Monti et al.'s Model (2003) [6]
These authors developed the following equations for anchorage bond capacity and effective bond length, respectively, based on a parametric study using finite element analysis combined with the experimental work. Karbhari et al suggested an expression for the maximum shear stress, given by:
Where n is an empirical parameter.
The interfacial fracture energy is defined as the area below the bond-slip curve generally accepted as:
Whereas, the effective bond length is given by:
Neubauer and Rostásy's Model (1997) [8] This model is based on the Holzenkämpfer's bond strength model proposed for steel plate reinforcement using nonlinear fracture mechanics [9] ; and:
k b represents the effect of the width ratio of the FRP composite to the concrete; the tensile strength of the concrete can be estimated by:
Niedermeier's Model (1996) [10]
Niedermeier's model is also based of the Holzenkämpfer model [9] . In this case, the maximum transferable load is given by: [13] by including a numerical constant. The maximum debonding load is given by:
β p and β L are coefficients that appear in Equations (5), (6) and (7). Significantly, the authors suggested that the distance from the critical section to the plate end should be at least twice the effective bond length. 
In the above equations, G a and t a are the modulus and the thickness of the adhesive, respectively. In this case, the thickness was measured microscopically after the test specimens failed.
Ulage et al.'s Model (2003) [15]
This model is based on double-lap shear tests that provided a maximum transferable force given by:
Yuan and Wu's Model (1999) [16]
This model is similar to Täljsten's model [11] with the exception of a modification in the parameter α γ . In this case, the maximum transferable force is given by:
Where,
NEW FRACTURE MECHANICS MODEL Maximum Shear τ max According to Nakaba et al.'s study [3] , the shear-slip response relationship ( Fig. 1(b) ) can be expressed by the following power law:
Where s 0 is the relative slip between the concrete and the FRP corresponding to a maximum shear stress, τ max =maximum shear stress; and, n is an empirical parameter related to the compressive strength. For concrete with a compressive strength that ranges between 24 MPa and 58 MPa, n has been determined to be equal to 3 [3] . Substituting n=3, the expression for the shearslip response becomes:
The area beneath the curve (Fig. 1b) is equal to the value of the interfacial fracture energy The maximum shear stress, τ max , and the slip corresponding to the maximum shear stress, s 0 , depend upon on the properties of the concrete-adhesive-composite material system and the slip variation ds. Thus, after integration, Equation (34) becomes:
(35) Assuming that the maximum shear stress, τ max , and the corresponding slip, s 0 , have linearly increasing relationships and the ratio of the maximum shear stress, τ max , to the corresponding slip, s 0 , is related to the material system shear stiffness, K':
The material system shear stiffness K', that includes the FRP plus the adhesive and the concrete can be expressed as follows [4] : [4] . According to a previous study by Lu et al. [5] , the shear-slip response depends upon the shear stiffness of the adhesive layer when the shear stiffness value ranges from 2.5 to 10 GPa/mm. This observation reveals that the effect of the adhesive can be neglected when calculating the stiffness of the material system if the adhesive is not very tough (i.e., when the adhesive stiffness is less than 10 MPa). Thus, in this study, K' is further categorized into two groups: 
The adhesive is considered soft if the stiffness is less than 2.5 GPa. However, the scope of the present study does not cover soft adhesives because they are neither available in the market nor recommended by manufacturers [4] . Once s 0 is defined, the fracture energy can be described by:
Where b p is the width of the composite, E p is the Young's modulus of the adhesive, t p is the thickness of the composite, and G f is the interfacial fracture energy. Although the efficiency of this equation has been proven in several studies, the following factors were not taken into account: 1) the specific approach used to calculate the interfacial fracture energy G f ; 2) the effect of the effective bond length (L e ); and, 3) the width ratio of the FRP to the concrete member.
Since these parameters were found to have a significant effect on the interfacial bond strength between the FRP and the concrete substrate [13] , an effort was made to incorporate them into the new model. To this end, the maximum transferable load is expressed as:
In order to calculate the effective bond length, the following equation developed by Yuan and Wu [16] was adopted:
Where:
In the above expression, the unknown value s 1 is the slip corresponding to local failure.
According to Fig. 1(c) , the area of the triangular shape is equal to the interfacial surface energy:
Where: Substituting these expressions for s 1 into Equation (48):
The FRP width corresponds to an increase in the shear bond stress which is directly related to the maximum load. The coefficient f(x) in Equation 46 is related to the FRP width to concrete width; and, the ratio of FRP width to concrete width coefficient proposed by Chen and Teng [13] is adopted, resulting in:
The power α was determined to be equal to ¾ based on a regression analysis of the 351 data points included in the experimental database. The rationale for determining this value for α follows.
Working under the initial assumption that f(x) is equal to 1, if P max(predicted) is able to predict the measured maximum transferable load accurately, then the ratio of
should be equal to 1. But as shown in Figure 2 , the median value of this ratio is only equal to 0.8. Thus, 
FIGURE 2 Comparison between P max(predicted) and P max (measured).
Substituting P (max) from Equation (46) into Equation (54), Equation (54) becomes:
By using regression analysis and selecting different values for α, the best value to satisfy Equation (56) is ¾ (see Figure 3) . In this case, the final expression for the maximum transferable load is: The new model was applied to study the 351 beams included in the database and a comparison of results is given in Figure 4 . Table 1 , on the other hand, compares the numerical results obtained from the new model to those derived from the other fourteen models cited earlier. This comparison is based on parameters involving statistical functions like average value, standard deviation, and coefficient of variation of the experimental to predicted bond strength ratio. However, the significance of the percentage of exceedance is ignored; thereby leading to a large scatter, even with an average strength ratio close to unity.
As illustrated in Figure 4 , the newly developed model gave an average experimental-to-predicted bond strength ratio of 0.89. This implies that the predicted bond strengths are 89% on the safe side.
Overall, the new model predicts the maximum transferable load quite accurately. As shown in Table 1 , it stacks up well against other models, such as those developed by Ulage et al., Teng et al., and Chen and Teng, which also accurately predict the bond strength.
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FIGURE 4 Experimental vs. new proposed model of maximum transferable forces (P Unsafe
P
3R
(max) ) (351 test data). The unique aspect of this study is the verification of the existing bond strength models previously developed based on fracture mechanics. Since a total of 351 FRP bonded concrete prisms were studied, each having different salient features, the investigation produced viable results.
